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11 − 10 12 L ⊙ ) and ultra luminous infrared galaxies (ULIRGs; L IR > 10 12 L ⊙ ).
We exclude sources which are likely contaminated by AGN activity, based on the rest-frame equivalent width of the PAH emission feature (< 40 nm) and the powerlaw index representing the slope of continuum emission (Γ > 1; F ν ∝ λ Γ ). Of these samples, 13 IRGs, 67 LIRGs and 20 ULIRGs show PAH emission feature at λ rest = 3.3 µm in their spectra. We find that the L PAH3.3 /L IR ratio considerably decreases toward the luminous end. Utilizing the mass and temperature of dust grains as well as the Brα emission for the galaxies, we discuss the cause of the relative decrease in the PAH emission with L IR . Key words: galaxies: active -galaxies: starburst -infrared: galaxies
INTRODUCTION
Revealing the star formation history in the universe is one of the most important topics in astrophysics. For this purpose, accurate measurements of star-formation activity in galaxies are indispensable. One popular method is detecting infrared (IR) emission from large dust grains, because dust grains surround star-forming regions, absorb ultraviolet (UV) photons from young massive stars and re-radiate photons in the IR. Using the method, the Spitzer, AKARI and Herschel satellites have revealed a great deal of IR emission in the universe, showing strong evolution in the IR luminosity density (e.g., Le Floc'h et al. 2005; Goto et al. 2010; Rodighiero et al. 2010; Casey et al. 2012 ). However, we need to consider the contribution of active galactic nuclei (AGN) to the IR luminosity (Haas et al. 2003; Schweitzer et al. 2006) . It is not easy to distinguish the energy sources only by using photometric data in the IR.
Polycyclic aromatic hydrocarbon (PAH) emission features are proposed to be another excellent indicator of star formation activity (e.g., Peeters et al. 2004; Brandl et al. 2006) . PAHs are found to be present in a wide range of objects and the environments. They are illuminated by UV photons mostly from early-type stars in star forming regions, while they are destroyed by hard radiation from an AGN central engine (Voit 1992) . Recent studies with Spitzer revealed that the inter-band ratios of the PAH features at wavelengths of 6 − 17 µm reflect the physical conditions of PAHs such as ionization state and size distribution (e.g., Kaneda et al. 2005 Kaneda et al. , 2008 Smith et al. 2007; Galliano et al. 2008) . These studies were performed in the mid-IR bands, such as the 6.2, 7.7, 8.6, 11.3, 12.7 and 17 µm emission features, while Spitzer did not observe the 3.3 µm emission feature from galaxies except for high-redshift ones (z ≥ 0.6) (Siana et al. 2009 ). Several earlier studies showed that the PAH 3.3 µm emission feature is prominent in starburst, IR luminous galaxies and obscured AGNs associated with star formation activities (Moorwood 1986; Imanishi & Dudley 2000; Rodríguez-Ardila & Viegas 2003) . The 3.3 µm emission feature is attributed to very small PAHs which have small heat capacities. Therefore they are easily excited by UV photons or destroyed. In other words, the PAH 3.3 µm luminosity, L PAH3.3 , seems to reflect the radiation environment more sensitively than the other PAH emission features at longer wavelengths.
AKARI has a slit-less spectroscopic capability in the wavelength range of 2.5 to 5 µm with a 1 ′ ×1 ′ aperture (Murakami et al. 2007 ). The capability is crucial to make accurate measurements of the total fluxes of galaxies. Using the capability, systematic studies of the PAH 3.3 µm feature on ultra-luminous infrared galaxies (ULIRGs) and luminous infrared galaxies (LIRGs) were performed by Imanishi et al. (2008 Imanishi et al. ( , 2010 . Woo et al. (2012) detected the PAH 3.3 µm emission feature from 7 out of 25 intermediate-luminosity type I AGN at z∼0.4 with AKARI. Kim et al. (2012) pointed out that L PAH3.3 as a proxy for the IR luminosity is hampered at L PAH3.3 > ∼ 10 42 erg s −1 comparing AKARI near-IR spectra for 20 subsamples of the 5 mJy unbiased Spitzer extragalactic survey with other samples (Rodríguez-Ardila & Viegas 2003; Imanishi et al. 2008 Imanishi et al. , 2010 Sajina et al. 2009; Lee et al. 2012) . These studies treat only high-luminosity samples with the IR luminosity of > ∼ 10 11 L ⊙ . We investigate a global relation between L PAH3.3 and the IR (8-1000 µm) luminosity, L IR , derived from IRAS (Sanders & Mirabel 1996) , using a sample which covers a wider luminosity range of L IR = 10 8 − 10 13 L ⊙ , in order to understand how the PAH 3.3 µm feature relates to the star formation activity. Throughout this paper, we assume that the universe is flat with Ω M = 0.3, Ω Λ = 0.7, and H 0 = 70 km s −1 Mpc −1 in calculating a distance from a redshift.
Sample selection
We selected our targets from the two AKARI mission programs, Mid-infrared Search for Active Galactic Nuclei (MSAGN; Oyabu et al. 2011 ) and Evolution of ULIRGs and AGNs (AGNUL). The MSAGN program performed near-IR spectroscopy of 79 galaxies discovered in the AKARI/Infrared Camera (IRC) all-sky survey point source catalog (Ishihara et al. 2010) . In this search, the targets were selected with F (9 µm)/F (K S ) > 2 as mid-IR-excess sources at high galactic latitudes (|b| > 30
• ), where F (9 µm) and F (K S ) are the flux densities at 9 µm and K S -band taken with AKARI and 2MASS, respectively. In case that F (9 µm) was not available, we used a F (18 µm). The criterion F (9 or 18 µm)/F (K S ) > 2 excludes normal stars and quiescent galaxies from the sample.
The AGNUL program performed the systematic spectral study of ULIRGs and LIRGs in the local universe. The spectra of all the sample galaxies have been reported by Imanishi et al. (2008 Imanishi et al. ( , 2010 . From the AGNUL sample, we selected 105 galaxies as mid-IR excess galaxies with the same criterion, F (9 or 18 µm)/F (K S ) > 2. However, some of them are not listed in the point source catalog, because the current catalog contains only bright sources and they are too faint. Therefore we checked the AKARI mid-IR diffuse map for those not listed in the catalog and performed their photometry to confirm that the criterion F (9 or 18µm)/F (K S ) > 2 was satisfied. Note that we exclude VV 114 E/W, Arp 299 (IC 694 + NGC 3690), NGC 6285/6 and NGC 7592 E/W from the AGNUL sample because they are double-nucleus sources and L IR for each nucleus is not measured.
Both samples combined together, we obtain the AKARI near-IR spectra of the 184 mid-IR-excess galaxies which are classified into three populations of galaxies according to their L IR . Eighteen galaxies are defined as IR galaxies (IRGs; L IR < 10 11 L ⊙ ), 89 LIRGs, and 55 ULIRGs.
The other 22 galaxies have no information on L IR , because they are not detected with IRAS. The spectroscopic data used in this study were taken by the IRC (Onaka et al. 2007 ) on board AKARI. All the observations except five were performed in the warm mission phase (Phase 3), while the five observations were performed in the cold mission phase (Phases 1 and 2). The near-IR grism mode (NG) was adopted for these observations, providing a spectral coverage from 2.5 to 5 µm and a spectral resolution of R ∼ 120 at 3.6 µm for a point source (Ohyama et al. 2007) . With a 1 ′ × 1 ′ aperture used for these observations, IR emission from the entire galaxies in our sample is spatially covered. We assigned two or three pointings for each target to ensure data redundancy. For spectral analyses, we used the data reduction package, "IRC Spectroscopy Toolkit for Phase 3 data Version 20090211" for Phase 3 data and "IRC Spectroscopy Toolkit Version 20090211" for Phases 1 and 2 data. Each frame was dark-subtracted and linearity-corrected. After performing wavelength and flux calibrations, the spectra of the objects were extracted with the aperture of 7.
′′ 3 in radius. Fourteen out of the 184 mid-IR-excess galaxies exhibit significantly extended emission, for which we enlarged an aperture size up to 14.
′′ 6, depending on the actual signal profile of each source.
RESULTS
We present the AKARI 2.5-5 µm spectra of the 79 MSAGN sample galaxies in figures 1 and 2, which have not been reported in any papers except for two galaxies 1 . In the MSAGN sample, we significantly detect the PAH 3.3 µm feature from 47 out of the 79 galaxies. Figure  1 shows the spectra of the 47 galaxies, for all of which aliphatic hydrocarbon emission features (sub-features) are also detected at λ rest = 3.4 − 3.5 µm. In addition to them, the Brα emission line at 4.05 µm and the H 2 O ice absorption feature around λ rest = 3.05 µm are detected in the 32 and 30 galaxies, respectively. Figure 2 shows the spectra of the 32 galaxies with no detection of the PAH 3.3 µm emission feature. They show a red continuum typical of AGNs. Tables 1 and 2 summarize the properties of the galaxies with and without detection of the PAH feature, respectively, which include the 2MASS coordinates, flux densities in the 9 µm and 18 µm bands and K S magnitudes, and L IR . As for the 105 AGNUL galaxies, our data reduction provide basically the same spectra as in Imanishi et al. (2008 Imanishi et al. ( , 2010 . We significantly detect the PAH 3.3 µm feature from 87 out of the 105 galaxies. In order to confirm the detection of the lines and features and to measure their strengths, spectral model fitting is performed for the two spectral regions of each spectrum. One spectral region is for the PAH 3.3 µm emission feature and the other is for the Brα emission line. The first spectral region is λ rest = 2.60 to 3.98 µm, containing the PAH 3.3 µm emission feature, sub-features and the H 2 O ice absorption feature as well as a continuum. In fitting a spectrum around λ rest ∼ 3.3 µm, we use the Drude profile (Li & Draine 2001) :
where λ r is the central wavelength of the feature, γ r is the full width at half maximum divided by λ r , and b r is the flux density at the line center. The line flux of the Drude profile is given by where c is a speed of light. For the H 2 O ice absorption feature, we use a Gaussian profile with the 1 σ width of 0.168 µm, which was used for the previous study of the H 2 O ice absorption feature in NGC 253 (Yamagishi et al. 2011) . The continuum slope Γ is defined as I ν ∝ λ Γ .
The region of the sub-features (λ rest = 3.38 − 3.75 µm) is not used for the fitting. The fitting parameters are λ r , γ r , b r and Γ as well as the central wavelength and the absorption depth of the H 2 O ice feature. The second spectral region is 3.8 to 4.8 µm, containing the Brα emission line and a continuum. We fit the Brα emission line and continuum with a Gaussian profile and a power-law function, respectively. The fitting parameters for the second region are the wavelength and the flux density at the line center for the Brα emission line, and a power-law slope of a continuum. The obtained central wavelengths are consistent with the redshifts in tables 1 and 2 within the error of 0.04 µm which are caused by a statistical and systematic errors in the source extraction. The spectral properties derived for the IRGs, LIRGs, ULIRGs, and galaxies with no IRAS data are summarized in tables 3, 4, 5, and 6, respectively, which include L IR , L PAH3.3 , the luminosities of the Brα emission lines, L Brα , the optical depth of the H 2 O ice absorption feature, τ 3.1 , the rest-frame equivalent width of PAH 3.3 µm feature, EW PAH3.3 , and continuum slopes (Γ ) measured in the first spectral region. Below we do not use the data of the galaxies with no IRAS data. We find that 132 of the 162 mid-IR-excess galaxies exhibit the PAH 3.3 µm feature with the signal-to-noise ratio higher than 5, which consist of 17 IRGs, 80 LIRGs, 35 ULIRGs. The difference between our fitting method and that of Imanishi et al. (2008 Imanishi et al. ( , 2010 lies in modeling a continuum underlying the PAH feature profile. In Imanishi et al. (2008 Imanishi et al. ( , 2010 , continuum levels are determined by a linear interpolation between the data point at λ rest < 2.75 µm and λ rest > 3.55 µm, and therefore the ice absorption feature likely affected their the measurements. Our fitting method accounts for the H 2 O ice absorption feature so that more accurate measurements may be performed for the PAH 3.3 µm feature. As a result, L PAH3.3 values in the present paper are about 1 to 2.5 times larger than those in Imanishi et al. (2008 Imanishi et al. ( , 2010 for the same galaxies, depending on the strength of the H 2 O ice absorption feature. Figure 3 shows a comparison of L PAH3.3 with L IR ; L PAH3.3 is expected to correlate with L IR . As can be seen in the figure, many galaxies follow the relationship L PAH3.3 /L IR = 10 −3 , which is a ratio typical of starburst galaxies (Mouri et al. 1990; Imanishi 2002) . However, some of them significantly deviate from the relationship. In order to study the relation between L PAH3.3 and L IR for star-forming activity, we exclude sources likely contaminated by AGN activity, based on the equivalent width of the PAH emission feature (EW PAH3.3 < 40 nm ; Moorwood 1986; Imanishi & Dudley 2000; Imanishi et al. 2008 ) and the power-law index representing the slope of the continuum emission (Γ > 1; Risaliti et al. 2006; Imanishi et al. 2010) . Figure 4 plots Γ and EW PAH3.3 for each galaxy, in which the galaxies in the bottom right region are categorized into galaxies with no AGN signatures. Out of the 162 galaxies, 100 galaxies do not show the AGN signatures, while the other galaxies are considered to have signatures of AGN activities. The spectral types of the samples are summarized in table 7. We below discuss only the galaxies with no AGN signatures, which consist of 13 IRGs, 67 LIRGs and 20 ULIRGs. They have redshifts z ≃ 0.01 − 0.3. Figure 5 shows the relationship between
however, L PAH3.3 /L IR shows a significant decline with L IR . Although similar trends were already reported by Kim et al. (2012) , our results show the trend more clearly because our sample covers a wider luminosity range of L IR = 10 8 to 10 13 L ⊙ , while their sample only covers 
DISCUSSION
The decline of L PAH3.3 /L IR with L IR (figure 5) can be caused by (1) photo-dissociation of PAHs under intense UV radiation due to star-formation activity, (2) dust extinction of the PAH 3.3 µm emission, (3) effects of hidden AGNs via hard radiation, (4) contribution of embedded YSOs on L IR , and (5) intrinsically low abundance ratios of PAHs to dust. No correlation between L PAH3.3 /L IR and the dust temperature (figure 6) in each galaxy population indicates that the UV radiation is not a crucial parameter to explain the observed decline in L PAH3.3 /L IR , because the dust temperature is determined mostly from the intensity of UV radiation. This implies that the photo-dissociation of PAHs due to high star-formation activity is not a major cause of the relatively weak PAH emission in the ULIRGs. L PAH3.3 /L IR can also decrease, if star-forming regions are heavily obscured by a copious amount of dust. In this case, the Brα emission should also be absorbed as well as the PAH 3.3 µm emission since they appear at similar wavelengths in the near-IR. Figure 7 shows L Brα /L IR plotted against L IR . Comparing figures 5 and 7, we find that L Brα /L IR does not significantly decrease with L IR , unlike L PAH3.3 /L IR , which implies that the dust extinction is not a major cause, either.
Although we apply stringent criteria to select galaxies with no AGN signatures, a significant fraction of our sample might still contain hidden AGNs at the luminous end. Kim et al. (2012) indicated that the deviation of correlation between L PAH3.3 and L IR in their ULIRG sample is due to the influence of the hard radiation field from hidden AGNs, via contribution to L IR and destruction of PAHs. Figure 8 shows the relationship between L PAH3.3 /L IR and L IR for the galaxies with and without AGN signatures. In fact, the IRGs and LIRGs with AGN signatures show systematically lower L PAH3.3 /L IR ratios than those with no AGN signatures. However, for the ULIRGs, there is no systematic difference between galaxies with and without AGN signatures; L PAH3.3 /L IR in our sample ULIRGs is as small as the ULIRGs with AGN signatures. This suggests that the hidden AGNs, if any, may not appreciably decrease L PAH3.3 /L IR for our sample ULIRGs. As also pointed out by Kim et al. (2012) , soft radiation from heavily-embedded YSOs may contribute to increasing L IR , but not much to increasing L PAH3.3 because it is too soft to excite PAHs. In this case, it is likely that the Brα emission is relatively weak, similarly to the PAH 3.3 µm emission. Figure 7 , however, does not show such a decline in L Brα /L IR toward the luminous end as observed in L PAH3.3 /L IR . Therefore we can also rule out the possibility that the contribution of soft radiation field on L IR is a major cause of the decline in L PAH3.3 /L IR .
Consequently, we conclude that the intrinsically low abundance ratios of PAHs to dust are likely to cause the small L PAH3.3 /L IR in the population of the ULIRGs. The abundance ratios are systematically different among the IRGs, LIRGs, and ULIRGs. Figure 9 
with the logarithmic correlation coefficient r = 0.46 for a sample size of n = 13, while the LIRGs show correlation (r = 0.56 for n =67). The ULIRGs show a relatively tight correlation (r = 0.69 for n = 20). A plausible scenario to interpret such dependence of L PAH3.3 /L IR on the galaxy population is a merging process of galaxies, which is violent enough to destroy small PAHs. Many morphological observations of local ULIRGs show that they have recently experienced mergers (e.g., Clements et al. 1996) . Hence some fraction of PAHs are likely destroyed once by a shock during a merging process, whereas large dust grains survive, which can explain the systematically low abundance ratios of PAHs to dust observed for the ULIRGs. The ratio will vary with the scale of the past merger, i.e., minor or major; a large-scale merging process may destroy more PAHs or difference in the stage of the current merging process. Since the PAH 3.3 µm emission traces smallest PAHs, L PAH3.3 /L IR can sensitively reflect such processing of PAHs through evolution of galaxies. Considering a starburst age typical of local ULIRGs (∼ 10 − 100 Myr; Genzel et al. 1998 ) as well as a lifetime of intermediate-mass stars (∼ 100 − 1000 Myr) responsible for the production of PAHs at their late stages, it is unlikely that PAHs have already been reproduced and replenished by the stars that were newly born after the merger.
SUMMARY
We have investigated a global relation between L PAH3.3 and L IR using the results of the AKARI IRC 2.5 − 5 µm spectroscopy of the 184 mid-IR-excess galaxies which have L IR ∼ 10 8 − 10 13 L ⊙ . We excluded the galaxies possessing AGN signatures with the criteria that EW PAH3.3 < 40 nm and Γ > 1. As a result, 13 IRGs, 67 LIRGs and 20 ULIRGs (z ≃ 0.01 − 0.3) show the PAH 3.3 µm emission in their spectra. For such sample galaxies, we find that
by about one order of magnitude toward the luminous end of L IR above L IR ∼ 10 11.5 L ⊙ . Thus we cannot utilize L PAH3.3 as indicators of star-formation rates for local ULIRGs. We consider possible causes of this decline as follows: (1) photo-dissociation of PAHs under intense UV radiation due to star-formation activity, (2) dust extinction of the PAH 3.3 µm emission, (3) effects of hidden AGNs via hard radiation, (4) contribution of embedded YSOs on L IR , and (5) intrinsically low abundance ratios of PAHs to dust. From our discussion based on the dependence of L PAH3.3 /L IR and L Brα /L IR on various parameters, we conclude that local ULIRGs intrinsically possesses smaller amounts of PAHs relative to dust grains, as a result of PAH processing through recent mergers. Some fraction of PAHs may have been destroyed once by a shock during a merging process, whereas large dust grains survive, which can explain the systematically low abundance ratios of PAHs to dust observed for the ULIRGs. Hence our result is consistent with the observational fact that local ULIRGs are merging galaxies. 100.00 Fig. 3 . L PAH3.3 plotted against L IR for all the sample galaxies i.e. the galaxies with and without AGN signatures. The crosses correspond to the IRGs, while the squares and triangles are the LIRGs and ULIRGs, respectively. The solid line shows L PAH3.3 /L IR = 10 −3 , a ratio typical of starburst galaxies (Mouri et al. 1990; Imanishi 2002) . 11.2 * Object name in the AKARI/IRC all-sky survey point source catalog. † AKARI IRC flux densities at 9 and 18 µm. ‡ K S magnitude taken from the 2MASS catalog. § IR (8-1000 µm) luminosity calculated from the IRAS 12, 25, 60, and 100 µm bands (Sanders & Mirabel 1996) . The fluxes are from the IRAS Faint Source Catalog (Moshir et al. 1992 ). Flux densities not listed in the catalog, but obtained from the original AKARI all-sky image data. Table 2 . Basic properties of the galaxies with no significant detection of the PAH 3.3 emission feature object name * 2MASS coordinates redshift Notes. Same as table 3. 
